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Abstract
A numerical simulation infrastructure capable of calculating the flow of gas and the trajectories of particles
through an aerodynamic lens injector is presented. The simulations increase the fundamental understanding
and predict optimized injection geometries and parameters. Our simulation results were compared to previous
reports and also validated against experimental data for 500 nm polystyrene spheres from an aerosol-beam-
characterization setup. The simulations yielded a detailed understanding of the radial phase-space distribution
and highlighted weaknesses of current aerosol injectors for single-particle diffractive imaging. With the aid of
these simulations we developed new experimental implementations to overcome current limitations.
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1. Introduction
Single-particle diffractive imaging (SPI) is one of the key applications enabled by the advent of x-ray
free-electron lasers (XFELs) [1, 2]. Short-duration XFEL pulses were predicted to allow the collection
of diffraction patterns from radiation-sensitive samples without resolution limitations due to radiation
damage [3, 4], although some open questions remain [4–6]. A series of two-dimensional diffraction patterns of
randomly oriented isolated particles can be used to reconstruct the full three-dimensional structure, without
the need for large highly ordered crystalline samples [2, 7, 8].
As every intercepted particle is destroyed by the intense x-ray pulse [9], a new and preferably identical
sample particle has to be delivered into every pulse. This can be achieved with aerosolized particle
beams, which, furthermore, offer significantly reduced background levels compared to liquid jet based
delivery methods [10, 11]. The most widespread aerosol injectors for SPI experiments are aerodynamic
lens stacks (ALS) [1, 12]. However, other aerosol injectors, e. g., convergent nozzles, have also been
demonstrated [11, 13, 14]. One of the limiting factors for SPI is the collection of a sufficient number of strong
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Figure 1: Schematic of particles being contracted toward the centerline by a gas stream through an orifice. The orifice is
cylindrical symmetric around the dashed line. The trajectories of particles past the orifice vary from the streamlines due to
particle inertia, leading to an aerodynamic lensing effect.
diffraction patterns [15, 16]. Overcoming this limitation requires the delivery of high-density particle streams
in order to maximize the number of x-ray pulses intersecting a particle and producing a measurable diffraction
pattern. Using current aerosol injectors, hit fractions, i. e., the fraction of x-ray pulses that hit at least one
particle, up to 79 % could be achieved [12]. However, this contains pulses interacting with multiple particles,
faint hits far from the x-ray maximum intensity, as well as hits from background particles. This leads to
hit rates, i. e., usable diffraction patterns containing a bright image from a single isolated target particle,
of below 5 % and, hence, long measurement times and excessive sample consumption. Furthermore, these
current studies have been undertaken with x-ray-focal-spot sizes on the order of a few micrometers. This
comparatively soft focusing of the XFEL pulse does not yield the photon intensity required for measurable
SPI diffraction signal to high scattering angles or from small samples [17]. This requires nanofocused x-ray
beams with focal spot sizes on the order of 100 nm, where the hit-rate achievable with current aerosol
injectors is typically below 0.05 %.
As particles distribute stochastically in the aerosol beam, the probability for them to be within the x-ray
interaction volume depends on the local particle density, necessitating highly collimated or focused particle
streams. Robinson predicted in 1956 that in real, irrotational and incompressible gas flow past an obstacle,
the density of small particles within the flow can increase while passing the obstacle [18]. This mathematical
description was later extended and used, supported by numerical simulations, to describe particles flowing in
a tube through an orifice [19]. Under the right conditions, in what is now known as an aerodynamic lens
(ADL), the particles concentrate at the center of the tube, as illustrated in Figure 1.
A detailed numerical characterization of an individual ADL was presented in 2002 [20], which was later
extended to an entire ALS [21]. Numerical simulations for an ALS to focus particles with diameters below
30 nm [22] led to a simple design tool that predicts the required lens dimensions to focus a specified range of
particle sizes at given flow conditions [23]. Based on this, further numerical simulations have adapted ALS
to specific needs [24, 25]. Although ALS have been used for, e. g., ultrafast electron imaging experiments on
nanoparticles [26], they are predominantly used in aerosol mass spectrometry [27]. Here, the main goal is to
contract a large range of particle sizes and ensure a high transmission. The “Uppsala” ALS, a widely used
standard injector for SPI [12], was designed based on the same principle. Therefore, it can deliver collimated
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particle beams for a large range of particle sizes (0.1–3 µm) without changing the apparatus. However, the
possibility to optimize for a specific particle size is limited, and the pressure before the ALS is the only
tunable parameter.
These design principles differ from the requirements of SPI experiments, where highly collimated beams of
only one particular particle size are needed, and even desirable in order to increase sample purity. Additionally,
the final particle beam diameter should be matched to the x-ray focal size. To enable the transmission
of a wide range of particle sizes requires the use of several orifices within the ALS. This increases the
complexity of the setup and the individual orifices are designed for different particle sizes, making some of
them counterproductive for producing a high-density beam of a well-defined particle size.
Here, we present a detailed numerical simulation environment to understand and to quantitatively model
the underlying fundamental processes occurring within an ALS and to further optimize these systems to
meet the requirements of SPI experiments. In particular, we aim to design an ALS optimized for focusing a
single particle size to the smallest possible beam diameter, while keeping the experimental setup simple and
easily adaptable for different samples.
2. Methods
2.1. Numerical Simulation
Optimizing the geometry of an ADL requires investigating a large parameter space, such as dimensions of
orifices and transport tubes, making experimental characterization and optimization impractical. Instead, we
implemented numerical simulations to predict the behavior of particles within the ADL. Furthermore, these
simulations allow the extraction of phase-space distributions of particles at any position within the device.
Within all simulations we assumed that, (i) particles in the flow field have no influence on the flow field itself
and (ii) particles do not interact with each other. This implies that the flow field and particle trajectories
can be calculated separately, and that each particle can be simulated independently. These assumptions
significantly reduce computational cost, and are easily justified considering the typical pressures in an ALS.
The helium (or carrier gas) pressure is ∼1 mbar (number density of ∼ 1016 atoms/cm3), while the density of
particles usually does not exceed 1010 particles/cm3.
For an accurate description of the ALS and produced particle beams, the phase-space distribution of
particles at the inlet of the injector is a crucial parameter. This distribution is typically defined by either
the aerosol source or, more commonly, by a differential pumping stage used to reduce the gas-load and to
control the pressure upstream of the ALS. A common arrangement for such a pumping stage is a set of
two skimmers, oriented with the tips facing each other, as described in detail in subsection 2.2 and shown
schematically in Figure 2. Since there is no experimental data available for the phase-space distribution of
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particles before they enter the ALS, the initial particle conditions are evaluated through simulations of the
flow through the skimmers.
2.1.1. Flow field
We simulated the flow field of the carrier gas using a finite-element solver [28] to solve the Navier-Stokes
equations. The geometry and flow were assumed to be axisymmetric about the central axis, and the flow
solved in two dimensions (r, z). The flow was treated compressible and viscous, and the calculation iterated
until converged to a steady-state solution. Additional properties of the flow field are indicated by three
dimensionless quantities, the Reynolds number Re, the Knudsen number Kn, and the Mach number Ma.
Re is defined as the ratio of inertial to viscous forces. Typically, Reynolds numbers in an ALS are below
10, indicating that no instabilities are present in the flow field, which we thus solve assuming laminar flow.
Kn is defined as the ratio of the mean free path to a characteristic length. Inside the ALS the pressure
is usually on the order of 1 mbar, corresponding to a mean free path around 70 µm for helium at room
temperature. Compared to the dimensions of apertures (a few mm) this results in Kn < 0.01 and there are
enough collisions with the background gas to treat the flow as continuum and the Navier-Stokes equations
hold. Upstream of the ALS, before and throughout the two skimmer setup, the pressure is even higher, hence
Kn  0.01. In the vacuum chamber, on the other hand, at helium pressures of 10−2 mbar or less, the mean
free path is around 10 mm, hence Kn > 0.01, and the continuum flow model breaks down. With such a large
mean free path particles rarely collide with the background gas, such that there is no momentum exchange
with the flow field anymore. In between these regimes there is a transition region which is difficult to model.
However, this transition between regimes occurs rapidly after particles exit the tip of the injector, and here
we assumed a sudden stop of the continuum flow regime and an immediate change to the molecular flow
regime. In the latter, particles were assumed to propagate collision-less and with constant velocity. The ratio
of the velocity of the flow to the speed of sound in the fluid is the Mach number, Ma. For Ma > 0.3 effects
due to the compressibility of the fluid start to occur, such as pressure waves and cooling of the fluid. Here,
such high Ma are reached between the two skimmers and downstream of the injector tip. Pressure waves
are still properly described by the Navier-Stokes equations. However, our numerical simulation approach,
finite element methods, necessitates the use of stabilization methods, which add artificial diffusion in order
to avoid numerical instabilities, e. g., oscillations in the solution. While these might wash out the position
and velocity of the potentially occurring pressure waves, the position of the second skimmer is closer to the
first skimmer exit than the calculated distance of the Mach disc, where these pressure waves are supposed to
be located. In Addition, downstream of the injector tip and between the two skimmers particles are fast and
have a high intertia. Hence, the effect of the spiky features caused by high Ma are assumed to have a limited
influence on the overall particle trajectories, especially at the injector tip, where the continuum flow breaks.
Nevertheless an accurate treatment of the flow including thermodynamic coupling might be able to further
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improve the simulation results.
2.1.2. Particle traces
Particle trajectories were simulated, within a given steady-state flow field, with a homebuilt python code
that uses a real-valued variable-coefficient ordinary-differential-equation solver. The code interpolates the
given pressure and velocity fields and calculates the forces, described by Stokes’ law, acting on a particle of
given size at each time step. Additional corrections can arise depending on the particle’s Reynolds (Rep) and
Knudsen (Knp) numbers. These are defined identical to the fluid case, but with the characteristic length
given by the particle diameter. Rep is very small inside the lens (Rep < 1) and can be neglected. Knp,
however, cannot be ignored as at low gas densities the mean free path is larger than the particle diameter,
leading to a decreased drag force due to the reduced number of collisions. This is taken into account by the
Cunningham slip-correction factor Cc [29], which gives the drag force as
Fdrag =
3piµdp(~U − ~u)
Cc
(1)
with Cc = 1 + Knp(c1 + c2 · ec3/Knp) (2)
Here, ~U is the local velocity of the flow field, ~u the particle velocity and dp the particle diameter. The
empirical coefficients c1 = 1.2310, c2 = 0.4695 and c3 = −1.1783 are taken from the literature [29]. This
model describes the interaction of a particle with a continuum flow field. In reality, however, the particles
interact via single collisions with the carrier gas. This leads to diffusion and an additional random walk of
the particles around their trajectory. This is numerically described by a Brownian-motion force Fb, which is
added to the drag force [30]
Fb = mp ~G
√
piS0
∆t
with S0 =
216µkT
pi2d5pρ
2
pCc
, (3)
where ~G is a vector of zero mean, unit variance, independent Gaussian random numbers, ∆t the time step
size of the solver, k the Boltzmann constant, T the temperature of the carrier gas, mp the particle mass,
dp the particle diameter and ρp the particle density. Since the flow field was treated axisymmetrically, the
Brownian force was restricted to have axial and radial components. Particle trajectories are calculated until
they reach the boundary of the flow field. This happens either when they are successfully transmitted to
the end of the flow field downstream of the geometry or when they touch the wall of the geometry and are
considered lost due to impaction.
2.2. Experimental Setup
To validate our simulations and the ability to predict ALS behavior, we benchmarked them against
experimental data. The experimental setup and data analysis has been described in detail previously [14].
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Figure 2: Sketch (not to scale) of the double skimmer setup and the ALS injector with its 6 orifices. The dimensions given
below the orifices refer to the inner diameter.
Briefly, we used a gas dynamic virtual nozzle to aerosolize an aqueous solution of 500 nm sized polystyrene
spheres (Thermo Fisher Scientific) into a nebulization chamber [10, 31]. Particles then passed a set of two
skimmers, with inner diameters of 0.3 mm and 0.5 mm, respectively, placed 2 mm apart, as sketched in
Figure 2. Evacuating the volume between the skimmers allows control over the pressure before the ALS while
minimizing particle losses. After the ALS particles were illuminated with a Nd:YLF laser (Spectra Physics
Empower ICSHG-30, 527 nm, pulse duration 100 ns, pulse energy 20 mJ) and scattered light collected on a
translatable high-frame-rate CMOS camera (Photron SA4) using a 5× infinity-corrected objective (Mitutoyo,
numerical aperture 0.14). The geometric dimensions of the ALS used are specified in Figure 2.
2.3. Theoretical description of the experimental setup
For the theoretical model, we first calculated flow fields within which particles are then propagated.
When trying to simulate the entire apparatus, containing differential-pumping skimmers and the ALS, we
encountered convergence problems and no steady solution was found. Therefore, we retreated to evaluate the
flow fields for the ALS and the skimmer setup separately, but made sure that they are consistent.
The effect of the skimmers was approximated by simulating the flow field through the upper skimmer,
simulating particle trajectories and retaining only particles with a radial position smaller than 250 µm at a
position 2 mm downstream of the skimmer tip, representing those that would enter into the second skimmer.
The purpose of the upper skimmer is to accelerate particles, such that their momentum is high enough to
enter the lower skimmer without being significantly disturbed by the flow field between the skimmers, where
excess gasload is evacuated. Boundary conditions constrained the inlet mass flow through the skimmer to
30 mg/min, comparable to experimental conditions. The outlet was defined as a semi-circle at the tip of the
skimmer with a 2 mm radius, corresponding to the distance between the skimmers. Along this semicircle
the pressure was constrained to experimentally measured values. Particles were assumed to be spheres with
500 nm diameter and a density of 1050 kg/m3 (polystyrene), with an initial uniform distribution at the
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entrance plane of the skimmer. The longitudinal and radial velocities of the particles are set to the flow
velocity at their initial position. The recorded final phase-space distributions of transmitted particles are
used to define the initial particle phase-space distribution at the ALS.
To simulate the ALS we introduced boundary conditions for the pressure at the inlet and outlet. The
former was defined as the entrance plane at the beginning of the ALS tube, and pressures set to experimental
values. The outlet was defined as a semi-circle at the tip of the ALS into vacuum with radius 1 mm,
corresponding to the radius of the final aperture of the ALS. The pressure along this semicircle was assumed
to be 10−2 mbar. Reducing this pressures further does not change the dynamics in the flow, since they
depend on pressure difference, which is already dominated by the two-orders-of-magnitude higher pressure
inside the ALS. With these boundary conditions we calculated a steady flow field for every inlet pressure.
The initial phase-space distributions of particles were taken from the skimmer simulations, but with the
initial longitudinal position of all particles set to the entrance plane at the beginning of the ALS tube.
We simulated 105 particles per upstream pressure. Final particle trajectories contain the axisymmetric
two dimensional position of particles throughout and after the ALS. In the experiment, we probed the particle
beam orthogonal to the propagation direction by projecting it onto the imaging plane of a camera [14]. Hence,
the simulated radial particle beam distribution was projected in silico onto a two dimensional imaging plane
for comparison.
3. Results & Discussion
3.1. Validation against literature simulations
We first validated our simulation environment against the simulations by Wang et al. [23]. We replicated
the geometry and conditions of the original publication and simulated particle trajectories. Figure 3 shows
the local gas velocity and pressure as well as the velocity of 1, 10 and 40 nm particles along the centerline of
the ALS. Our results show excellent agreement with the previously published simulations, c. f. Figure 2b of
reference 22, and only deviate slightly in the region outside the actual ALS (z > 7 cm). These deviations can
be explained by the different outlet boundary conditions.
3.2. Particle Beam Characterization
3.2.1. Experimental Results
All measurements were conducted with the setup described in subsection 2.2, and the only parameter
varied was the pressure upstream of the ALS. The particle stream was imaged 8 mm downstream of the
injector tip and data collected for ∼10 min at each pressure, corresponding to ∼105 imaged particles. For
comparison with theoretical results, we determined the particle beam width containing 90 % (70 %) of all
particles, denoted D90 (D70). Measured beam widths are shown in Figure 4 a for upstream pressures in the
range 0.66 to 2.0 mbar.
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The full distributions for three characteristic pressures are shown in Figure 4 b–d (black lines). It is
evident from the experimental data that the particle beam width decreases with increasing upstream pressure
until a critical value, here ∼1.2 mbar, after which no dependence on pressure is observed anymore and the
produced beam width remains practically constant.
3.2.2. Theoretical Results
In order to simulate the resulting particle beam downstream of the ALS, it is necessary to compute the
initial phase-space distribution of particles entering the ALS by simulating the first skimmer as detailed
above. An example of a velocity field inside and such a radial phase-space distribution of particles after the
first skimmer is shown in Figure 5 a and b, respectively. The radial position is cut at 250 µm, as only these
particles enter into the second skimmer. A large fraction of particles is contained within a small region of
phase space at radial velocities between 10 and 15 m/s.
Simulated radial phase-space density distributions of particles through the flow-field shown in Figure 6
10 mm 2.76 mm6 mm2.33 mm1.64 mm1.26 mm
Figure 3: Simulation of gas pressure, gas velocity and particle velocity of 1, 10 and 40 nm particles along the centerline of the
ALS investigated in [22], and shown at the top of the figure. Our simulation accurately reproduced the results from the original
publication [22, Figure 2].
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sim. projected
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Figure 4: Comparison of experimental, i. e., projected, and simulated, i. e., projected in silico, beam width for 500 nm particles
as a function of inlet pressure Pu. The errorbars represent the statistical standard error (a). Comparison of experimental, i. e.,
projected (black line), simulated radial (red line), and simulated projected (green line),
particle profiles for three distinct upstream pressures of the ALS, 0.66 mbar (b), 1.0 mbar (c) and 2.0 mbar
(d).
at various positions within the ALS are displayed in Figure 7 for two different upstream pressures. The
left hand side of Figure 7 corresponds to 0.66 mbar and the right hand side to 2.0 mbar. The top images
show the initial distribution (beginning of the injector), while all others contain only successfully transmitted
particles, which are shown at three positions; at the beginning of the ALS (c and d), just before the first
ADL (e and f), 1 mm after exiting the ALS (g and h) and at the particle focus 10 mm and 5 mm after exiting
the ALS, respectively (i and j). Whereas the initial phase-space distributions of particles are nearly identical
for the two pressures, the number of particles transmitted and their phase-space distributions throughout
and after the ALS are markedly different. While for high Pu all particles are transmitted, this is not the
case at low Pu. Here, the initial phase-space distribution of successful transmitted particles exhibits a cutoff
at around 6 m/s absolute radial velocity (Figure 7 c). We rationalize this with the pressure scaling of the
drag force. Particles at lower pressures, and hence lower drag force, are not slowed down sufficiently in the
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Figure 5: Simulated flow field with streamlines inside the upstream skimmer. The logarithmic color scale corresponds to the
flow speed. The grey area indicates the position of the lower skimmer. (a). Histogram of the radial position and velocity of
particles 2 mm downstream from the skimmer tip (b).
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Figure 6: Simulated flow field with streamlines inside the ALS injector. The r-axis has been scaled by a factor of 10. The
logarithmic color scale corresponds to the flow speed.
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Figure 7: Histograms of the radial phase-space distribution for 500 nm particles at various positions in the ALS for Pu=0.66 mbar
(a, c, e, g, i) and Pu=2.0 mbar (b, d, f, h, j). a, b show the distributions for all particles at the inlet of the ALS. All other
distributions show only particles successfully transmitted through the ALS and are taken at a position at the inlet (c, d), before
the first lens (e, f), after the ALS (g, h) and at the distance of highest density, 10 mm (i) and 5 mm (j) downstream of the
outlet, as indicated by the red lines. 11
radial direction, such that they collide with the wall of the ALS tube and are lost. This is not the case at
Pu = 2 mbar, where all particles are slowed down before they reach the wall and are transmitted. The radial
velocity of the particles before the first lens is now essentially zero and most particles lie within ±0.02 m/s.
The phase-space densities in Figure 7 e and f show that particle radial positions are spread over the entire
ALS tube, and that at higher pressures (f) the majority of particles are at large radii. These particles at
large radial positions correspond to those with an initially large radial velocity. In the low pressure case (e)
high-radial-velocity particles collided with the wall and were lost. This correlation between initial radial
velocity and radial position is, furthermore, evident for the low pressure case (Figure 7 c and e), where an
initially empty area of velocity space (between 4 and 5 m/s) appears as an empty area in position space
(around 7 mm) before the first ADL. Thus the acceptance of the ALS depends on the upstream pressure, i. e.,
the flow field, and in the low pressure case the transmission and behavior of the ALS depend critically on the
radial particle position before the first ADL, hence the initial radial particle velocity. This position-dependent
behavior of an ADL will be further investigated in subsection 3.3.
In both pressure regimes the distribution of final radial positions (Figure 7 g and h) is concentrated
toward the centerline in comparison to the distribution before the first lens (Figure 7 e and f) and the
final radial velocity distribution is narrower, hence, the particle beams are more collimated than the inlet
distributions (Figure 7 a and b). However, in the high pressure case particles are confined to significantly
smaller radii corresponding to D70 = 226 µm at this position in comparison to D70 = 815 µm for the low
pressure case. The particles radial velocity is predominantly negative after the lens, corresponding to a
motion toward the centerline, i. e., the particle beam converges. Particles at higher radial positions have a
greater negative radial velocity and, therefore, a higher density of particles will be achieved downstream of
the injector. In the 0.66 mbar case the highest density is achieved 10 mm after the injector outlet, while
for 2 mbar it is 5 mm downstream of the outlet. The corresponding phase-space distributions are shown in
Figure 7 i and j. Note that from 1 mm downstream of the injector (the end of the calculated steady-state
flow field) onwards the particles are propagated straight without any forces acting on them.
The final phase-space distribution is predominantly defined by the last aperture, as the radial velocity
upstream of each ADL is centered around 0, see Figure 7 e and f. In order to qualitatively rationalize the
observed distributions we consider the radial-position dependence of the radial velocity and total speed of
the gas flow before (Figure 8 a) and after (Figure 8 b) the last lens in the ADL. The radial velocity of the
flow changes throughout the orifice, from a contraction towards the centerline, i. e., negative radial velocities
in Figure 8 a, to an expansion afterwards, positive radial velocity in Figure 8 b. This dramatic change is
caused by the significantly different pressure regimes, inside the ADL versus outside the ADL. Since the drag
force is proportional to the difference in particle velocity and flow field velocity, see (1), the force acting on a
particle in the radial direction is proportional to the radial flow velocity. In Figure 8 c we show the particle
phase-space distribution before the last orifice, i. e., at the same position as the gas flow distribution shown
12
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Figure 8: Radial velocity and speed of the helium flow as a function of radial position for 0.66 mbar upstream pressure at
a position 0.2 mm before (a) and 0.5 mm after (b) the last orifice in the ALS injector. Phase-space distribution of 500 nm
particles 0.2 mm before the last orifice in the ALS injector at a 0.66 mbar upstream pressure (c).
in Figure 8 a. A clear correlation is observed between the radial gas-flow velocity, blue line in Figure 8 a,
and the particle phase-space distribution. As the radial velocity of the gas is changing rapidly on passing
the orifice, one might expect a similar effect on the radial velocity distribution of particles. However, since
particles carry a significant amount of inertia, they cannot follow this rapid change in gas-flow and the
particle phase-space distribution even after the last aperture (as shown in Figure 7 g) is still dominated by
the distribution before the orifice. One noticeable difference, however, is an increase of radial velocity around
the position 0.8 mm. We attribute this to the rapid expansion of gas after the last aperture, which peaks at
this radial position (Figure 8 b) and, hence, accelerates particles most at this distinct radius, leading to the
observed local maximum in the particle radial velocity around 0.8 mm.
Where within the general shape of the phase-space distribution particles are located (i. e., the intensity
information missing in Figure 8 c) is dependent on the radial position of particles upstream of an ADL. Since,
in the high pressure case, no particles are at radial positions above ∼0.5 mm, only the initial falling edge at
small radial positions is represented in the phase-space distribution in Figure 7 h.
3.2.3. Comparison of Simulation and Experiment
We compared the simulated results with experimental data by reproducing the pressure dependence of the
particle-beam width evaluated 8 mm downstream of the ALS tip, as shown in Figure 4 a. The simulations
clearly reproduced the experimental observation, with a sharp drop in beam diameter as the pressure is
increased, until a plateau is reached at ∼0.9 mbar. Full radial distributions of particles are shown in Figure 4
b–d for three inlet pressures and exhibit an overall good agreement with the experimental data. Some
deviations are, however, observed. A slight pressure offset for the location of the sharp drop is most likely due
to the ±15 % uncertainty of the pressure gauges used (Pfeiffer Vacuum, TPR 280). Moreover, the simulations
overestimate the particle beam size in the plateau region, which could be due to the limited illumination
area of the laser used for particle detection [14]. If particles far from the center were not correctly identified,
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this would lead to lower than expected experimental values for D70 and D90. On the other hand, for very
high particle densities, there is a probability that the image analysis software cannot distinguish individual
particles anymore. This would lead to a decreased particle density detected in the central region.
We also note that our simulation might oversimplify the occurring physical processes, e. g., particles are
assumed to have no collisions 1 mm downstream of the last aperture, whereas there are some experimental
indications that particles still accelerate in this region [32]. In addition, the used Cunningham correction
factors, see subsubsection 2.1.2, were derived for air instead of helium. While this might render it difficult to
computationally reach high accuracy, the overall good agreement justifies the use of these models, and our
simulation infrastructure in general, to understand and predict ALS behavior.
3.3. Radial distribution analysis
In SPI experiments the interaction volume is a cylinder, representing the x-ray beam volume, through
the three dimensional particle beam. Therefore, the vast majority of particles with a radial position greater
than the x-ray spot will not interact with the photons. The radial particle distributions in Figure 4 b–d
(red lines) show that, additionally to the main peak, smaller outer secondary maxima are present, which
reduce the number of particles contained within the interaction volume. The formation of these “wings” has
also been observed in other studies of particle distributions from ALS [33, 34], but no explanation as to the
source of this effect was given.
To investigate this, we considered the radial distributions of particles within the ALS and show these after
the first, third, and fifth lens in Figure 9 a–c, respectively. These were simulated for 2 mbar inlet pressure
and 0.31 mbar downstream pressure, with particles evenly distributed at the inlet and neglecting Brownian
motion. Example trajectories through the entire ALS are shown in Figure 9 d. It is immediately evident
that an outer maximum in the radial distribution is already present after the first lens, and that not all
lenses are contracting the particle beam, with some even broadening the distribution. These effects are due
to the design of this ALS to accept a large range of particle sizes. In order to visualize the origin of the outer
radial maxima we considered particle trajectories through the first lens for different radial starting positions,
Figure 10.
A particle exactly on the centerline of the ADL simply stays there, as it feels no radial force, see Figure 8
a. The further off-center the particle is located, the larger the curvature of the flow toward the centerline,
leading to a larger radial force. This leads to particles with initial radial positions between 0–2 mm (Figure 10
a) getting pushed towards the center. Due to their inertia particles cross the centerline, but remain closer
to it than initially, i. e., the beam is contracted and larger initial radial positions lead to larger final radial
positions.
Further away from the centerline the curvature of the flow still increases, while flow speed decreases with
proximity to the outer wall (see Figure 8 a). These counter-acting mechanisms negate each other for particles
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Figure 9: Radial distributions of 500 nm particles at different stages inside the ALS injector for a uniform initial radial
distribution (a-c). The formation of a peak at large radii (i. e., a “wing” in the particle distribution) is already evident after the
first lens (a). Example trajectories of 500 nm particles through the ALS injector, without diffusion effects (d).
with initial radial positions between 2 and 3.5 mm (Figure 10 b) and in this region all particles arrive at
approximately the same final radial position, regardless of their initial radial position.
Increasing the initial radial position even further (3.5 to 5.0 mm, Figure 10 c) leads to the decreasing flow
speed dominating and final radial positions get closer to the centerline with increasing initial radial position,
i. e., the opposite effect to that observed in Figure 10 a.
Eventually, at around 5.0 mm (Figure 10 d), trajectories stop crossing the centerline and the final radial
position increases with increasing initial radial position again. This overall behavior is also summarized in
Figure 10 e, showing the radial position after the first lens as a function of the initial radial position. The
secondary maxima observed in the radial distribution in Figure 4 thus arise at the turning point in b, where
several initial radial positions result in the same final position, hence leading to an increased particle density
at distinct radii.
This undesirable behavior can be mitigated by designing an ALS such that it only operates in either
one of the regimes corresponding to Figure 10 a or d. Total avoidance of secondary maxima can only be
accomplished by operating exclusively in regime a, which would – conceptionally – be the best solution
to this problem. However, it is experimentally impractical, because it requires an ALS tube much larger
than the radial size of the incoming particle beam. Designing a lens such that crossing of the centerline is
minimized would ensure that more particles, including those at small initial radii, will be in the regime d,
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Figure 10: Trajectories of 500 nm particles through the first lens of the ALS injector, for different radial starting positions of
0− 2 mm (a), 2− 3.5 mm (b), 3.5− 5.0 mm (c) and 5.0− 8.8 mm (d). Correlation between initial and final radial position for
particles traveling through the first lens (e). We identify four distinct regions, as exemplified by the trajectories in a–d.
a cb dOD=2 cm
ID=0.3 cm ID=0.4 cm ID=0.5 cm ID=0.6 cm
Figure 11: Simulated trajectories of 500 nm particles through an ADL with an outer diameter of 2 cm and an inner diameter of
3 mm (a), 4 mm (b), 5 mm (c), 6 mm (d). The pressure downstream of the ADL is 0.5 mbar and the mass flow of carrier gas is
1.2 · 10−2 mg/min.
producing a more collimated particle stream at the output, with fewer particles in secondary maxima, but
also with a reduced amount of focusing. This can be achieved by increasing the orifice diameters of the ADL
for a given mass flow. This way the absolute value of the derivative of the radial velocity of the gas flow
before the orifice with respect to the radial position decreases, while the flow speed drop caused by the walls
remains the same. Hence, the radial velocity minimum has an increased value and its position changes to
smaller radii, i. e., the minimum in Figure 8 a moves to the upper left. The regimes a–c are moved towards
smaller radii until they get negligible. This is highlighted in Figure 11, showing particle trajectories through
lenses with various inner diameters for an identical mass flow. Increasing the orifice diameter shifts the
crossing point of trajectories further away from the lens and a more collimated particle stream is produced
(Figure 11 d). Thus operation in regime d is readily achievable, but the corresponding effects of stronger
collimation and weaker focusing requires more ADLs for reaching high densities. Balancing these effects for a
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Figure 12: Radial distributions of 500 nm particles at different stages inside an optimized ALS injector (a-c). The formation of
peaks at large radii (i. e., a “wing” in the particle distribution) is significantly reduced in comparison to the conventional ALS in
Figure 9. Example trajectories of 500 nm particles through the optimized ALS injector, without diffusion effects (d).
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Figure 13: Fraction of particles within a given radius at the position of the respective smallest particle beam waist for the
”Uppsala” injector (4.6 mm downstream the exit) and the new ALS design (0.5 mm downstream the exit).
limited amount of ADLs in the ALS, secondary maxima will not completely be avoided when maximizing
the central particle density.
Figure 12 shows a three-lens-system for focusing 500 nm particles that way. Figure 12 a–c shows radial
distributions of 500 nm particles at various positions within the new ALS, demonstrating that particles
are smoothly collimated toward the centerline with significantly weaker secondary maxima than for the
conventional ALS in Figure 9. To compare the particle beams of the optimized and the ”Uppsala” ALS,
we evaluated the fraction of particles arriving within a given radius at the respective particle beam focii,
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4.6 mm and 0.5 mm downstream for the "Uppsala" and optimized injector, respectively; see Figure 13. The
optimized ALS exhibits a much steeper increase of the integrated particle fraction at small radii, i. e., focusing
a significantly larger fraction of particles into a given radius. As discussed above, secondary maxima cannot
be avoided completely in the improved ALS, leading to a kink in the fraction of particles contained around a
radius of ∼0.5 µm. In SPI experiments, it is especially pertinent to compare the fraction of particles that
would cross the interaction volume with the x-rays. For an x-ray focal spot size with a radius of 0.5 µm, in
the current lens design only 17.1 % of the particles are contained within that radius, while in the optimized
design this increases to 48.5 % — corresponding to a nearly threefold improvement. At the same time,
the final particle density in the interaction volume also depends on the velocity of the particles leaving
the injector. With lower velocities the particles are “packed” closer in the z dimension and the density is
correspondingly higher. For the optimized injector the mean final particle velocity is 43.8 m/s, whereas for
the "Uppsala" injector it is 57.9 m/s. This leads to a velocity weighted density within the 0.5 µm radius
spot that is higher by a factor of ∼4 for the optimized injector; for an x-ray focal spot size of 50 nm radius
it would even be higher by a factor of ∼9. While the simulated increase in particle density might not be
quantitatively accurate, since this simulation was not taking into account particle diffusion or the skimmer
setup, which could significantly influence the final particle beam, see subsection 2.1, it is, nonetheless, clear
that an optimized ALS with a compact three-lens design can achieve significantly better particle beam
concentration than current injectors.
4. Conclusion
The results of a new computer-simulation environment for ALS injectors have been presented. Previous
theoretical treatments were quantitatively well reproduced. Focusing on the development of ALS for SPI
experiments, the priority is to maximize the particle density along the centerline of the produced particle
beam. Comparison of simulated particle profiles with experimental measurements show a good agreement,
further validating our computational approach and the ability to describe the experimentally observed
behavior. By computing particle trajectories through the ALS, our simulation framework can provide a
detailed insight into the particle dynamics inside the ALS, such as the radial position dependent concentration
mechanism of an ADL, and hence, the resulting particle profiles. This way we were not only able to monitor,
e. g., the overall pressure dependence of the resulting particle beam, but to understand the mechanisms inside
an ALS that are responsible for specific artifacts in the radial particle distribution. We could pin down the
source of the majority of particle losses in current ALS to be caused by the double skimmer setup before the
first lens.
Furthermore, we analyzed the formation of secondary maxima in the radial particle distribution in
current ALS and found these to be caused by particles crossing the axial centerline inside the ALS. We
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demonstrated that it is feasible to design a simple ALS that avoids this problem altogether for particles
within a narrow size range. It produces a tightly focused stream of particles exhibiting less secondary maxima
and a significantly, nearly fourfold, increased particle density at the center of the distribution. In an ALS
designed for a wide range of particle sizes the defocusing process and the trapping of particles in secondary
maxima cannot be avoided. Therefore, a simple ALS injector system, designed only for a specific particle size,
is better suited to fulfill the stringent requirements for atomic-resolution single-particle diffractive imaging
and other applications that require highest particle densities. The quick exchange of lenses to adjust for
distinct samples would be advantageous for high-throughput experiments. Such an ALS setup is currently
under development in our laboratory, along with further quantitative measurements of particle and absolute
gas densities emerging from the injector [14, 35], to benchmark and improve simulations by comparison to
experiment.
Furthermore, we point out that such an optimized ALS provides a spatial separation of different species
that might be present in the original aerosol, similar to more specific separation techniques for small
molecules [36, 37], and thus provides a more homogeneous sample for SPI experiments [17].
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